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Humidification constitutes one of the main processes of humidification-
dehumidification desalination systems (HDH) in which evaporation of some amount 
of water vapor into the air is a necessary stage to extract desalinated water from the 
humidified air by condensation in the dehumidifier. In the current study the 
performance of a cross-flow humidifier is intended to be evaluated and 
experimentally investigated based on the analysis of first and second law of 
thermodynamics. The experimental work includes variation of three input 
parameters: the mass flow rate ratio, the packed bed length and the water inlet 
temperature. The performance of the system is examined by air and water 
effectiveness, Merkel number, entropy generation, and second law efficiency as a 
function of the three beforehand mentioned variables. The results showed that the 
best operating conditions of the cross-flow humidifier happen when the heat 
capacity rates of air and water streams are equal to each others. 
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 الهندسة الميكانيكية  : مجال التخصص 
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يشكل الترطيب واحدة من العمليات الرئيسية في أنظمة تحلية المياه بالترطيب والتجفيف ( اتش 
كمية من بعض بخار الماء في الهواء دي اتش ) ، والتي يكون من أحد مراحلها الأساسية تبخير 
ة (معادل ب، لاستخراج المياه المحلاة من الهواء المرطب بواسطة التكثيف في مزيل الرطو
الرطوبة) . وفي الدراسة الحالية ، نهدف إلى تقييم أداء المرطب الذي يعمل بالجريان التقاطعي 
قانون الأول والثاني للديناميكا الحرارية . ودراسته واختباره من الناحية التجريبية ، استنادا الى ال
ويشمل العمل التجريبي على إدخال ثلاثة عوامل متغيرة وهي : نسبة معدل تدفق الكتلة ، طول 
العمود المعبأ ، و درجة حرارة دخول المياه . ويتم فحص واختبار أداء النظام عن طريق فعالية 
وبي ، وكفاءة وفعالية القانون الثاني كدالة على الانتر التوليدالهواء والمياه ، رقم ميركل ، 
المتغيرات الثلاثة المذكورة سلفا .وأظهرت النتائج أن أفضل الظروف التشغيلية للمرطب الذي 
يعمل بالجريان التقاطعي تحدث عندما تكون معدلات السعة الحرارية لتيارات الهواء والماء 
 مساوية لبعضها البعض .
 علومال في الماجستير درجة
 جامعة الملك فهد للبترول والمعادن






1.1 THE WATER CRISIS IN THE WORLD 
The easily reached drinking water in the world is decreasing everyday and at 
the same time the demand for clean water by human beings is increasing very fast. 
On the other hand, polluted water resources are the main cause of many diseases 
that many people nowadays are suffering from. Even today, due to the industrial 
pollutions and some other activities, many countries face water scarcity. In the near 
future, it is expected that the lack in drinkable water will be the biggest problems 
worldwide, and this is due to the fact that the current consumptions rates are high 
as well as the world population is increasing continuously. Meanwhile, the wastes 
from industries are contributing in increasing the impurity of clean water resources. 
[1] 
Almost 40% of people on earth are affected by water scarcity. And by 2025, it is 
expected that 1.8 billion people will be living in countries with high water scarcity. 
Moreover, the highest population growth will occur in countries that are already 
facing water stress and such level of population growth may lead to more difficult 
situations. Concerned researchers in water resources provided figures on the 
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amount of water on earth as a step to facilitate recommendations and solutions for 
future water crisis. So, it has been estimated that the total volume of water on the 
earth is nearly 1.4 billion cubic kilometers; almost 97.5% of it is salt water and the 
rest 2.5% is fresh water. Most of the fresh water is in the form of ice and snow over 
the mountains, also almost 30% of the fresh water is ground water resources and 
the remaining 0.3% is in the rivers and lakes which is the amount available for 
human beings.  [2]. 
Therefore, in order to beat the challenge associated with future water scarcity, 
development of new resources of clean water is badly needed. Hence, desalination 
of sea water is a good alternative because the only available and largest source of 
water is the ocean.  
In addition to the problem of water shortage, the needed energy for sea water 
desalination processes forms another problem because it requires huge amount of 
energy input. It is estimated that to produce one million cubic meter of water per 
day requires ten million tons of oil per year [3, 4]. 
1.2 DESALINATION PROCESSES 
1.2.1 Overview 
Producing fresh water from ocean needs appropriate separation process which can 
be achieved in different methods. As shown in figure 1.1, when sea or brackish 
water is fed into any type of separation units two streams will be produced, one is 
the fresh water and the other is the rejected brine which will be with high salt 
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concentration and in order to achieve such process of separation an energy must be 
added to the desalination unit and this energy might be in the form of mechanical, 
electrical or thermal energies [5, 6]. 
Historically, the first desalination units used for producing fresh water were based 
on the evaporation of water though adding heat from the sun. In recent years, many 
desalination technologies are used and the two main types of evaporative units used 
these days are Multiple Effect Distillation (MED) and Multi Stage Flash (MSF) 
desalination. And the other famous used type of processes is the membrane 
desalination technology or specifically the reverse osmosis units (RO). Figure 1.2 











Figure 1.1 Separation process in desalination systems [6] 
 
 
Figure 1.2 Classification of sea water desalination technology [6] 
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From the classifications of processes shown in figure 1.2, the thermal energy 
processes are categorized into two groups, one is adding energy to the process such 
as MSF, MED, and humidification-dehumidification and the other type is removing 
energy from the system such as freezing. In the processes of adding energy, the 
heating steam is these units can be obtained from power generation plant, or from 
solar energy [6]. The separation process in these systems is achieved by utilizing the 
high energy associated with hot steam to evaporate the saline solution and obtain 
vapor which is then condensed to produce pure water. 
In light of the above overviews about global water crisis and existing desalination 
processes, it is very important to put more efforts for providing desalination units 
with better performances at all basis. From economical point of view, for remote 
areas, such better performances can be approached through three main criterions: 
1. The capital cost must be low and/or effective. 
2. The system is reliable and requires simple maintenance. 
3. It is suitable for small scale application. 
Solar stills which are one of the oldest desalination units require large areas to 
produce pure water even though their maintenance is simple, therefore, they are 
not economically feasible up to date. Moreover, Reverse osmosis systems which are 
the most used ones in the world nowadays do not fall under the last two criterions 
[7]. 
The desalination process that meets all mentioned criterion is the humidification-
dehumidification desalination (HDH) systems. 
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1.2.2 Humidification-Dehumidification Desalination System (HDH) 
HDH system imitates the natural water cycle very closely and this happens when the 
water is heated in solar panel or electric water heater then sprayed over a dry air 
stream in the humidifier section of HDH unit as shown in figure 1.3. 
As the air and water flows over the surfaces of packing material and mixes with each 
other, there is a driving potential for heat transfer due to temperature difference 
between both streams and another driving potential for mass transfer due to 
difference in water-vapor concentration, therefore, some water evaporates from 
water stream and absorbed into the air. The moisture content of air increases 
during this process and its temperature increases. 
The hot and humid air leaving the humidifier section is then enters the 
dehumidification section where the water vapor contained in the air is condensed 
over the coils of the incoming cold water, and such stream of cold water is 
preheated as it flows out of the dehumidifier to the sprayers in the humidifier. This 
particular cycle is called closed air-open water cycle (CAOW). There are different 
and many cycles of HDH systems which are described in details in [8]. 
There is a separate component for each process in the humidification-
dehumidification desalination unit which allows flexibility of thermodynamic 
designing for evaporation in the humidifier, condensation in the dehumidifier and 
heating of water in the solar collector or other source of heating. The advantage of 
HDH systems over solar stills is that they have higher GOR (the ratio of the latent 
heat of evaporation of the water produced to the net energy input to the cycle). And 
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the advantages HDH has over other desalination systems include its low initial cost, 
simple design, less maintenance and also its ability to handle wide range of raw 
water qualities while the main disadvantage of it is that it requires high energy 










































1.3.1 What is a Humidifier 
A humidifier is a device that transfers mass and heat between water and air, and this 
process takes place when the hot water is sprayed over a cold air stream as can be 
seen in figure 1.4. When the two streams get in contact with each other, some 
fractions of water evaporate from water liquid stream and absorbed into the 
unsaturated air stream due to the potential difference in temperature and water 
concentration between water and air.  
In such humidification process, part of the latent heat of vaporization that comes 
from the water is absorbed by air and as a result increases the temperature of air 
and consequently cools the water. 
The water vapor content in the air can be quantified in different ways. One of these 
ways is to relate the mass of water vapor in a unit mass of dry air and this is called 
































Water vapor in air can be treated as an ideal gas below the saturation pressure at 
50oC (i.e. below 12.3 KPa) and such approximation does not affect the accuracy of 
the result very much but with negligible error of less than 0.2%. Therefore, water 
vapor in air obeys the ideal gas relation Pv=RT and as a result the atmospheric air 
which is a mixture of dry air and water vapor can be treated as ideal gas too and the 
total pressure of it is the sum of the partial pressure of dry air Pa and that of water 
vapor Pv[13]: 
P = Pa + Pv                                                                                                                                   (1.2) 
Humidity ratio can also be expressed in terms of total pressure and partial pressure 




                                                                                                                               (1.3) 
The other way of defining the water vapor content in the air is the relative humidity, 
which relates the amount of water vapor the air holds (mv) and the maximum 




                                                                                                                                          (1.4) 




                                                                                                                            (1.5) 
It is obvious from the previous relations that the relative humidity of air changes 
with temperature even if the humidity ratio remains constant.  And because the 
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water vapor in air changes as the temperature changes and the dry air remains 
constant, the total enthalpy of air mixture is expressed per unit mass of dry air and 
can be evaluated as sum of the enthalpies of dry air and water vapor:  
H = Ha + Hv = maha + mvhv                                                                                                 (1.6) 
Divide by ma gives: 
h = ha + ωhv                                                                                                                               (1.7) 
Or, 
h = ha + ωhg                                                                                                                               (1.8) 
Without going into the details of various forms of heating and humidification of air, 
the process shown in figure 1.5 is one of heating and humidification processes 


















Figure 1.5 Representation of heating and humidification process in 









The air in such process is heated while it is humidified and this happens when the 
sprayed water is hot and it would be the case for all work presented in current 
study. The humidifier works in almost the same way as the cooling tower but the 
goal for humidifier is to humidify and cool or heat the air while the cooling tower 
objective is to cool the process water; therefore, the analysis of both systems is 
nearly alike.  
1.3.2  Types of humidifiers 
There are different types of humidifiers and they are categorized according to the 
method used to move the air stream though the system, that is, mechanical or 
natural draft, and based on the configuration of the air and water flows through the 
packing material inside the humidifier, that is, cross and counter flow. The 
mechanical draft systems can either be forced or induced draft. The forced draft 
type is shown in figure 1.6; the fan in such type is located at the inlet of the 
humidifier where the air stream enters the system and hence forcing it through 
column of the humidifier. The induced type as already shown in figure 1.4, has its 
fan located at the exit of the humidifier [14].  
In the natural draft type, as shown in figure 1.7, the air is not forced by a fan or 
blower to flow inside the humidifier, instead, the difference in density between the 
heated humid air inside the humidifier and the cold denser ambient air outside the 
humidifier is what makes the air flows from the bottom of the humidifier and exit at 














In both mechanical and natural draft humidifier, the configuration of the flow of air 
and water (cross and counter flow) is encountered. In the counter flow 
arrangement, the air stream flows in the opposite direction of sprayed water as in 
figure 1.4, whereas in the cross flow arrangement the air and water stream flow in 






































LITERATURE REVIEW AND OBJECTIVES 
2.1 CURRENT STATUS OF HUMIDIFIER APPLICATIONS IN HDH 
SYSTEMS 
For air humidification processes, many devices such as spray towers, packed-
bed towers, bubble columns and wetted wall towers are used in HDH systems since 
their principles of operation are the same. In spray towers the water stream travels 
downward and scatters into droplets and at the same time the air stream travels 
upwards and mixes with water droplets. Due to existence of spray nozzles, there 
exists a drop on the water side whereas the pressure drop on the air side is low. 
Moreover, one of the disadvantages of a spray tower is its low efficiency [15, 16]. 
Younis [17] and Ben-Amara [18] used spray towers in HDH system as humidifiers 
and they concluded that there is an optimum value of the water flow rate which in 
turn results in highest air humidity at the outlet of humidifier. 
In bubble columns the air bubbles are introduced in a vessel full of water and the 
water diffuses into the air inside the bubbles making the outlet air humid. El-Agouz 
and Abagderah [19] tested a bubble column experimentally by using seawater and 
they concluded that the system efficiency depends on the temperature of the 
seawater and velocity of air. 
19 
 
Muller-Holst [20] and Orfi [21] used wetted-wall towers as humidifiers in HDH 
systems and investigated the system efficiency; they found out that the 
humidification process obtained a humidity of 100%. 
In packed bed towers, a fill material is used within the humidifier and there 
different types of fills such as film fill, see figure 2.1, trickle fill, splash fill, 
honeycomb…etc. These packing materials are designed in a way to force the air and 
water streams to take complex paths through their corrugated surfaces and 
therefore both streams have longer contact or higher surface area and consequently 
heat and mass transfer are enhanced. As indicated by Wallis and Aull [22] there 
have been improvements in the type of packing materials for the past years. 
Film fills are the most used packing materials due to some features such as high 
thermal performance and low pressure drop. Many researchers used different types 
of packing materials in the humidifiers of HDH system and detailed review of the 
results can be found in [10].  
Most tested HDH systems were using counter flow configuration and to the best of 
author’s knowledge cross flow humidifier has not been incorporated in HDH system 
for testing before whereas there are many works on cross flow configuration in the 
studies of air conditioning systems and other applications. Sumathy [23] has 
investigated theoretically the performance of cross flow direct evaporative cooler 
using honeycomb paper as packing material and concluded that it can be used as 


























2.2 CURRENT STATUS OF THE PERFORMANCE ANALYSIS OF 
HUMIDIFIERS AND COOLING TOWERS 
Merkel, during 1920s [24] developed a method that depends on critical assumptions 
to make the solution of the governing equations for heat and mass transfer in the fill 
of a counter-flow cooling tower simple and because of his assumptions, Merkel 
method may not accurately represent the physics of the heat and mass transfer 
process in the cooling tower. 
In 1970s Poppe and Rogener [25] developed a method that is not making the 
simplifying assumptions of Merkel method and the test results had shown a good 
agreement with the formulations results and values obtained for evaporated water 
flow rate. 
Jabber and Webb [26] developed necessary equations to apply in the e-NTU method 
directly to counter-flow or cross-flow cooling towers. They used the same 
simplifying assumptions employed by Merkel to apply the e-NTU method. 
Klopper and Kroger [27] represented a detailed derivation of the heat and mass 
transfer equations of evaporative cooling in counter flow wet-cooling towers and 
did a comparison study between Merkel, Poppe and e-NTU methods for counter-
flow cooling towers. In [28] they studied the differences between numerical results 
of the three methods when applied to a cross-flow cooling tower. Detailed review of 
these three methods will be discussed in the next chapter. 
In [29], Hajidavallo et. al. studied the effect of wet bulb temperature on the 
performance of a cross flow cooling tower at constant dry bulb temperature. They 
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used a splash fill type and employed the Merkel method to compare the numerical 
results of incoming air flow with the test results. They found that increasing the wet 
bulb temperature will increase the water outlet temperature as well as decrease the 
evaporation rate. 
In [30] the authors studied the effect of changing the mass flow rate ratio in direct 
evaporative cooler by varying the air flow rate and they concluded that as the air 
speed is increased the system effectiveness decreases. The effectiveness defined in 
the study included only the temperature changes in the system. They compared the 
experimental results with the mathematical model of the evaporative cooler. 
In the previous section, theoretical study on a cross flow direct evaporative cooler 
by Sumathy [23] has been reported. He showed that the system can reduce the air 
temperature by 9oC and increase the humidity ratio by about 50%. In his work, the 
analysis was limited to cooling the air only without further investigation in heating 
and humidifying the air. 
In [31] an experimental study was for different packed bed types for counter flow 
cooling tower. And he investigated the influence of mass flow rate ratio on the 
performance of the fills through its transfer characteristic, the Merkel number. He 
tested the system using charcoal, lauffa and bamboo fills and found out that lauffa 
fill performed the best among other fills and consumed less power than charcoal 
and bamboo fills. 
Reuter [32] developed a model of heat and mass transfer in a cross-counter flow fill 
in a rectangular wet cooling tower for unsaturated and supersaturated air. Then, 
Yngvi [33] investigated Reuter model by comparing it with Merkel, e-NTU and 
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Poppe models numerically and presented some experimental results for cross and 
counter flow cooling towers using trickle fill. Numerically he showed that increasing 
the air mass flux from 1 to 4 kg/s.m2 in a cross flow cooling tower increases the 
Merkel number per tower height from 0.5 to 0.8 m-1 and such results was done for 
fixed water mass flux of 3 kg/s.m2 and at a water inlet temperature of 40oC. The 
experimental results presented in the study involved only the effect of air-water 
mass flow rate ratio in the Merkel number. 
2.3 PERFORMANCE EVALUATION OF HUMIDIFIERS AND COOLING 
TOWERS BY SECOND LAW OF THERMODYNAMICS 
Some researchers have investigated the performance of cross and counter flow 
evaporative coolers by using the second law analysis. Bejan [34] has provided a 
general definition of the second law efficiency pertinent to humidification process 
which relates the total exergy leaving to the total exergy entering the humidifier. 
Wepfer [35] provided a formula for total flow exergy of humid air per kilogram of 
dry air if the dry air and water vapor are considered ideal gases. 
Prakash et. al [36] studied the entropy generation in simultaneous heat and mass 
transfer systems and defined a new parameter, the modified heat capacity rate ratio. 
Their study concluded that for a combined heat and mass exchange device, the 
entropy generation is minimized when the modified heat capacity rate ratio equals 
one irrespective of the value of other independent parameters. They showed 
theoretically how the entropy generation is minimized in a system of counter flow 
wet cooling tower. 
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Et. al [37] investigated the effect of entropy generation on the performance of 
humidification-dehumidification desalination cycles. In detailed analysis of each 
system component it has been shown that the entropy generation in the counter 
flow humidifier decreases as the mass flow rate ratio increases (up to values of heat 
capacity ratio greater than one), and they pointed out that the maximum gained 
output ratio of the HDH system does not occur at a point where all of the 
components have minimum entropy generation but rather where the total specific 
entropy generation of the whole system is minimum. The latter point is worth to be 
mentioned since current thesis study is concerned with the performance evaluation 
of a cross flow humidifier for its use in HDH desalination system. 
Zubair and Qureshi [38] conducted a parametric study on a counter flow wet cooling 
tower using first and second laws of thermodynamics to determine the variation of 
second law efficiency as well as exergy destruction for various input parameters. 
The study shows that for different mass flow ratios, as the inlet wet bulb 
temperature of air increases the second law efficiency increases and such increase is 
associated with a decrease in the exergy destruction, at constant water inlet 
temperature. On the other hand, at constant inlet wet bulb temperature, the exergy 
destruction increases and the second law efficiency decreases as the water inlet 
temperature increases. 
Muangnoi [39] developed a mathematical model based on heat and mass transfer 
principles to investigate exergy and exergy destruction of air and water through the 
fill material of counter flow cooling towers. It is concluded in the study that the 
water exergy decreases continually from the top of the fill to the bottom. For the air 
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side, the exergy of air by convective heat transfer initially drops at the inlet then it 
slightly recovers before leaving the cooling tower. Moreover, the exergy of air by 
evaporative heat transfer decrease from the inlet to the outlet of the cooling tower 
fill. In general the results show that the amount of exergy supplied by water is larger 
than that absorbed by air because the system produces entropy and therefore the 
lowest exergy destruction is located at the top of the fill. 
Chengqinet. al [40] evaluated the performance of four different evaporative cooling 
configurations by using the principles of exergy analysis and included: direct, 
indirect, direct-indirect and regenerative evaporative cooling. Results showed that 
regenerative evaporative cooling has the best performance and the effectiveness for 
indirect evaporative cooling heat exchanger has great importance in performing the 















In light of the previous sections, it can be concluded that there have been a lot of 
theoretical and experimental works in counter-flow and cross-flow cooling towers 
devoted to analyze the systems for evaporative cooling and other air conditioning 
and industrial applications. In other words, to the best of author’s knowledge there 
has been no study dedicated to analyze cross-flow humidifiers for its application in 
humidification-dehumidification desalination systems as well as limited studies 
based on the second law analysis of cross-flow humidifier. This means a study to 
find the best conditions at which the humidifier will operate when it is incorporated 
or integrated with dehumidifier to form a complete HDH desalination system and 
this requires testing the cross-flow humidifier before its integration with HDH 
system. 
Hence, an optimization study and performance evaluation is proposed to be done on 
a cross-flow humidifier by help of the methods of analysis stated in section 2.2 
(Merkel, Poppe and e-NTU methods) and the study is performed through an 
experimental work in which different operating conditions or input parameters will 
be applied and varied, and they are going to be as follows: 
1. Mass flow rate ratio mw/ma: the effect of varying the flow rate ratio on the air 
and water outlet conditions. 
2. Temperature of the inlet water: how the system effectiveness is going to be 
when the water inlet temperature is varied at different flow rate ratios. 
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3. Length of the film fill: the influence of the surface are on the humidification 
process at different water inlet temperature and different flow rate ratios. 
 
It is also proposed to evaluate the entropy generation or exergy destruction and 
second law efficiency associated with each of the above conditions in order to 
monitor the losses and obtain the points with least irreversibility. 
Therefore, energy and exergy analysis will be discussed in the next chapter and 



















As already introduced in chapter one, the process of heating or cooling and 
humidification in a humidifier is a combination of heat and mass transfer between 
air and water streams, therefore, the water stream will lose some of its mass due to 
evaporation and this amount will be absorbed by the air. Such process can be 
formulated using the first law of thermodynamics by considering the mass and 
energy balance over the control volume of the humidifier as shown in figure 3.1.  So, 
the mass transfer rate is a function of the humidity ratio difference between inlet 
and outlet and the mass balance can be written as follows: 
ṁwi = ṁa(ωo − ωi) + ṁwo                                                                                                    (3.1) 
And the energy balance can be written as follows: 
∑ Ein = ∑ Eout                                                                                                                        (3.2) 
Or, 





















From the energy balance equation, two main effectiveness definitions are 
introduced for the cross flow humidifier. 
The first one relates the actual water change of enthalpy rate between the inlet and 
outlet to the maximum possible change of water enthalpy rate, and for the case of 





hwi −  hwo
hwi − hideal
                                                                   (3.4) 
Where, hw,ideal is the enthalpy of water at the inlet air wet bulb temperature; that is, 
the lowest temperature in the system. 
Moreover, the second effectiveness definition that takes care of the energy transfer 
in the air side is relating the actual change of enthalpy rate for air-water vapor 
mixture between the inlet and outlet to the maximum possible change of enthalpy 
rate of air, and for the case of heating and humidification it can be expressed as 
follows: 
ϵa =





                                                                               (3.5) 
Where, hideal is the enthalpy of air-water vapor mixture at the water inlet 
temperature and relative humidity equals one; that is, the highest temperature in 
the system. 
Heat capacity rates of air and water steams in simultaneous heat and mass 
processes can be related through modified heat capacity ratio HCR which is 
introduced and defined in [36]. It relates the ratio of the maximum possible change 
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in total enthalpy rate of the cold stream to the maximum possible change in total 




                                                                                                                           (3.6) 
Where, 
∆Hmax,c = ṁc(hc,ideal − hci)                                                                                                   (3.7) 
And, 
∆Hmax,h = ṁhihhi − ṁhohh,ideal                                                                                           (3.8) 
For heating and humidification process, the cold stream will be the air and the hot 
stream is the water.In such processes the water heat capacity rate is influenced 
significantly by the water flow rate and water temperature but the heat capacity 
rate of air is influenced by the air flow rate and the amount of water-vapaor 
absorbed into the air. Therefore, their ratio can only be recognized through the 
change of enthalpy rates. In general, modified heat capacity ratio is a function of 
mass flow rates, water temperature, and surface area for heat and mass process. 
Moreover, if the total losses in the humidifier are negligiable and the value of HCR 
equals one, it mean that the air stream is totally absorbing the energy transferred by 
water stream as it will be seen later in the analysis.  
Heat capacity ratio is considered one of the good used tools in the current study 
since it provides a better insight into the system performance by pointing at the best 
conditions at which the humidifier processes will operate. 
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There are different methods for analysing the transfer characteritics in humidifiers 
and they are based on the analysis of the first law of thermodynamics. In the 
following sections three methods will be discussed in details for evaluating Merkel 
number. 
 
3.1 POPPE METHOD 
Since the difference between the cross-flow and counter-flow humidifiers is the 
direction through which the air and water flows and mixes together, Klopper and 
Kroger [27] procedure of deriving the governing equations for counter-flow 
configuration will be followed for deriving the governing equations for cross-flow 
humidifier. It is worth mentioning before starting the derivation that the rate at 
which the air enthalpy changes and water temperature changes while travelling 
through the fill in the cross-flow configuration is of course different than that of the 
counter-flow, but proceeding with deriving the final expression of Merkel number 
will end up with the same form for both cases. This conclusion of identical forms of 
Merkel number does not necessarily mean they will obtain the same values for the 
same water inlet temperature, but indeed the flow configuration through the fill is 
what governs the air capacity to absorb heat and mass from the hot water stream, 
and consequently the rate at which the water temperature changes in the direction 
of water flow for both cross-flow and counter-flow are different. Moreover, such 
rate of change for water temperature is one of the dependent variables by which 
Merkel number will change. 
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Klopper and Kronger [28] derived the governing equations for the cross-flow 
cooling tower and showed the rate of temperature change in the flow direction as 
well as the rate of air enthalpy change in the direction of air flow but final 
expression of Merkel number was not stated in the derivation. The equations will be 
used in the next section for Merkel method for the purpose of only making such 
approach clear even though they can be used in the derivation of governing 
equations in this section. 
Consider the Control volume in figure 3.2 where the air is flowing in the x-direction 
and the water stream is flowing downward. As already explained; fractions of water 
mass will be evaporated from the water stream and absorbed into the air stream. 
The mass balacnce for the control volume of the fill in figure 3.2 gives: 
dmw = madω                                                                                                                              (3.9) 
The energy balance for the same control volume by using equation 3.2 is as follows: 
(mw + dmw)[hw + dhw] + mahma − mwhw − ma(hma + dhma) = 0                     (3.10) 
Where, hma is the air-vapor mixture enthalpy.Expanding the terms in equation 3.10 
yields: 
mwhw + mwdhw + dmwhw + dmwdhw + mahma − mwhw − mahma
− madhma=0                                                                                                                             (3.11) 
Neglecting the second order term gives: 



























Substituting equation (3.9) intoequation (3.12) gives: 








− Twdω]                                                                                                   (3.14) 

























                                                                                                         (3.16) 
At the interface between the water and the air, there is an enthalpy transfer 
associated with mass transfer due to the difference in vapor concentration between 
the mean stream of the air and the saturated air, as well as an enthalpy transfer 
associated with the heat transfer caused by the temperature difference between the 
air stream and water [27]. Therefore,  
dQ = dQm + dQc                                                                                                                      (3.17) 
Where, dQm is the enthaply transfer assocaited mass transfer and dQc is the enthalpy 
transfer associated with heat transfer. 
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The amount of mass transfered at the interface between the two streams can be 
expressed as follows: 
dmw = hd(ωsw − ω)dA                                                                                                         (3.18) 
Where, ωswis the saturation humidity ratio of air evaluated at the local bulk water 
temperature, Tw , hd is the mass transfer coefficient, kg/m2 s and dA is the transfer 
area for a section dx in the fill and is expressed as follows: 
dA = afiAfrdx                                                                                                                            (3.19) 
Where,afi is the wetted area divided by the volume of the fill or area density, m-1 and 
Afr is the frontal area or face area. 
Therefore, the enthalpy associated with mass transfer is the product of the amount 
of mass transferred and the enthalpy of the water vapor hv at the bulk water 
temperature Tw, and can be written as follows: 
dQm = dmwhv = hvhd(ωsw − ω)dA                                                                                 (3.20) 
hv is given by: 
hv = hfgwo + cpvTw                                                                                                                 (3.21) 
Where, hfgwo is the latent heat of water at the reference temperature or at T=273.15 
K. And cpv is the specific heat of saturated water vapor, J/kg. K. 
For the convective heat transfer dQc, it can be expressed as follows: 
dQc = hc(Tw − Ta)dA                                                                                                             (3.22) 
Where hc is the heat transfer coefficient, W/m2 K. 
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The total enthalpy transfer can then be written as follows: 
dQ = [hc(Tw − Ta) + hvhd(ωsw − ω)]dA                                                                        (3.23) 
Further arrangement to equation (3.23) can be made by replacing the temperature 
difference with the air enthalpy differential.  
The enthalpy of saturated air evaluated at the local bulk water temperature is given 
by: 
hmasw = cpaTw + ωsw(hfgwo + cpvTw)                                                                             (3.24) 
And the enthalpy of the air-water vapor mixture per unit mass of dry air can be 
expressed as follows: 
hma = cpaTa + ω(hfgwo + cpvTa)                                                                                        (3.25) 
Therfore, from equations (3.24) and (3.25): 
hmasw − hma = cpaTw + ωsw(hfgwo + cpvTw) − cpaTa − ω(hfgwo + cpvTa)          (3.26) 
Substituting equation (3.21) into equation (3.26) gives: 
hmasw − hma = (cpa − ωcpv)Tw − (cpa − ωcpv)Ta + (ωsw − ω)hv                        (3.27) 
Where, 
(cpa − ωcpv) = cpma                                                                                                               (3.28) 
Equation (3.27) can also be arranged and written as follows: 




Tw − Ta =
(hmasw − hma) − (ωsw − ω)hv
cpma
                                                                      (3.30) 




) [(hmasw − hma) − (ωsw − ω)hv] + hvhd(ωsw − ω)] dA                 (3.31) 
Or, 
dQ = hd{(hc hd⁄ cpma)(hmasw − hma) + (1 − (hc hd⁄ cpma)hv(ωsw − ω)}dA      (3.32) 
The term hc/hdCpma is know as the Lewis factor Lefand it is an indication of the 
relative rates of heat and mass transfer in an evaporative process. Bosnjakovic [41] 
developed an empirical relation for the Lewis factor for air-water vapor systems for 












                                                                                          (3.33) 
Equation (3.32) can be used to find the enthalpy transfer to the air stream: 















[Lef(hmasw − hma) + (1 − Lef)hv(ωsw − ω)]                                      (3.36) 
Substituting equation (3.18) and equation (3.36) into equation (3.12) yields: 
mwdhw = 
hddA[Lef(hmasw − hma) + (1 − Lef)hv(ωsw − ω)] − hdcpwTw(ωsw − ω)dA       (3.37) 
Or, 
mwdhw = 
hddA[hmasw − hma + (Lef − 1){hmasw − hma − hv(ωsw − ω)} − cpwTw(ωsw − ω)]     (3.38) 
Now, substiting equation (3.36) and equation (3.38) into equation (3.16) will give 








hmasw − hma + (Lef − 1){hmasw − hma − hv(ωsw − ω)} − cpwTw(ωsw − ω)
    (3.39) 
The change of enthalpy for air stream to the change of water temperature can also 













hmasw − hma + (Lef − 1){hmasw − hma − hv(ωsw − ω)} − cpwTw(ωsw − ω)
]      (3.40) 
From equation (3.9) and equation (3.18): 
madw = hd(ωsw − ω)dA                                                                                                      (3.41) 






                                                                                                                 (3.42) 










dTw                                                                                          (3.43) 








dTw                                                                                                    (3.44) 










dTw                                                                                      (3.45) 
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If equation (3.39) is substituted into equation (3.45), then following differential 





hmasw − hma + (Lef − 1){hmasw − hma − hv(ωsw − ω)} − cpwTw(ωsw − ω)
   (3.46) 
Because the mass transfer coefficient and the specific area of the fill always 
contained in Merkel number, it is thereby not necessary to calculate each one of 
them independently. Merkel number is obtained as per equation (3.46) for Poppe 
method by using the integration technique of Chebychev method which is based on 
four points of calculation intervals then the integral in equation (3.46) can be 
approximated accordingly. The intervals across the temperature difference can be 
taken at the points 10, 40, 60 and 90% from the water outlet temperature; 
















]                                                           (3.47) 
 Where, 
Y0.1 = ∆h0.1 + (Lef0.1 − 1){∆h0.1 − hv0.1∆ω0.1} − cpwTw,0.1∆ω0.1                             (3.48) 
∆h0.1 = (hmasw,0.1 − dh0.1 + ha,i)                                                                                        (3.49) 
∆ω0.1 = ωsw,0.1 − ω0.1                                                                                                            (3.50) 




Tw,0.1 = Tow + 0.1 (Tiw + Tow)                                                                                            (3.52) 
In counter-flow configuration, implementation of Chebychev method is easier than 
cross-flow because it is a one dimensional model, that is, the distribution of water 
temperature and air-water vapor mixture enthalpy across the fill length is even, 
therefore, it is direct substitution in the Chebychev integration equations. On the 
other hand, the distribution of water temperature, humidity ratio of air, and 
enthalpy of air-water mixture are not even in the cross-flow as presented by 
Kloppers in [28]. Fig. 3.3 and 3.4 show how they are distributed according to the 














Figure 3.3 Distribution of water temperature across Film Fill height, 
Twi=39.67oC, mw/ma=0.967, Tai=9.7oC, Twb=8.23oC [28] 
 
Figure 3.4 Distribution of air enthalpy across Film Fill length, , Twi=39.67oC, 
mw/ma=0.967, Tai=9.7oC, Twb=8.23oC [28] 
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It can be seen that the water temperature distribution from the top to the bottom of 
the fill changes with fill height till it takes a positive slope. Also, the distribution of 
air enthalpy across the fill length from left to right takes a positive slope. The air 
enthalpy cannot be evaluated unless the humidity ratio at each local bulk 
temperature is known. In order to simplify the procedure of solving a two-
dimensional problem of a cross flow configuration, two assumptions are employed 
to approximate the value of Merkel number by Poppe Model and these assumptions 
are: 
1. The water temperature distribution is constant across the fill length. 
2. The value of Lewis factor in the fill is the average between Lewis factors of 
the inlet and outlet conditions.    
Figure 3.5 represents the approximated distribution of water temperature within 
the humidifier fill, such that each group of nodes (1, i), (2,i), (3,i) and (4,i) has the 
same water temperature. Since Lewis factor is assumed the same at all nodes, then 
values of humidity ratios at each node can be obtained and in turn the enthalpy of 












Figure 3.5 Grid for distribution of water temperature and air enthalpy across 









Based on these approximated distributions, Merkel number is calculated by 
Chebychev integration method at each divided height (i.e. first four nodes from (1, 
1) up to (4, 1)), then Merkel number is calculated for the next group of nodes (i.e. 
from (1, 2) to (4, 2)). Eventually Merkel number can be calculated by summing all 






























3.2 MERKEL METHOD 
As previously stated in section 2.1, Klopper and Kroger [28] equations from first 
principle for cross flow cooling tower will be used and upon the derived equations 
in [28], expression for Merkel number will be shown. 
Consider control volume in figure 3.6. 
The governing equations for enthalpy change of air in the direction of air stream ( x-
direction in figure 3.6) and change of water temperature in the direction of water 














{hmasw − hma + (Lef − 1){hmasw − hma − hv(ωsw − ω)} − cpwTw(ωsw − ω)}               (3.55) 
Or, 
cpw dTw =
hdafi  dx dy dz
mw
 




























The term (hd afi dxdydz/mw) is nothing but Merkel number. If the equation is 





hmasw − hma + (Lef − 1){hmasw − hma − hv(ωsw − ω)} − cpwTw(ωsw − ω)
   (3.57) 
Which is identical to equation (3.46). 
Merkel made some assumption to simplify the analysis of evaporative cooling 
process and these assumptions are [42]: 
1. The lewis factor relating heat and mass transfer equals to 1. 
2. In the energy balance the reduction of water flow rate due to evaporation is 
neglected. 
3. The air exiting the cooling tower is saturated with water vapor and it is 
characterized only by its enthalpy. 
When these assumptions are applied to equations (3.54) and (3.55), then they take 













{hmasw − hma}                                                                                        (3.59) 
The transfer area of the fill can easily be recognized from both equations and 






{hmasw − hma}                                                                                     (3.60) 












                                                                     (3.61) 
The same procedure in section 3.1 is followed to evaluate Merkel number by 
Chebychev method of integration using equation (3.61). Since Merkel method 
ignores the reduction in water stream due to evaporation then there is no need to 
take Lewis factor into account for this method.  Assuming that the water 
temperature values are evenly distributed across the fill lengthis enough to solve 
equation (3.61) because the enthalpy of air-water mixture can be evaluated directly 
from equation (3.16) by ignoring the change of humidity ratio. Based on Chebychev 
















]                                              (3.62) 
 Where, 
∆h0.1 = (hmasw,0.1 − dh0.1 + ha,i)                                                                                        (3.63) 
The value of enthalpy change dh0.1 can be evaluated the same way as explained in 




3.3 EFFECTIVENESS-NTU METHOD 
Jaber and Webb [26] developed the equations necessary to apply the heat exchanger 
Ԑ-NTU method for sensible heat transfer directly to counter-flow or cross-flow 
cooling towers. 
The implementation of Ԑ-NTU method to evaporative air water systems is shown by 
Kroger [14] and the derivation for such heat and mass transfer is also explained. For 









) dA                                                             (3.64) 
The term dhmasw/dTw is the gradient of the saturated air enthalpy-temperature curve 






                                                                                                  (3.65) 
Where hmaswi and hmaswo are the saturated air enthalpy at the water inlet and outlet 
temperatures, respectively. 









) dA                                                                             (3.66) 
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It should be mentioned that the Ԑ-NTU method is derived according to the 
assumptions made by Merkel [24], that is the Lewis factor equals unity, then 
rquation (3.36) reduces to: 
dQ = hd(hmasw − hma)dA                                                                                                     (3.67) 
Where (hmasw-hma)represents the used enthalpy driving potentail in Ԑ-NTU method 
in the case of evaporative cooling. Jabber and Webb [26] related the enthalpy 
transfer to the slope of the saturated air enthalpy and water temperature to reach 
finally to the final from of equation (3.64). 
The correspondence of equation (3.64) to heat exchanger equation (3.66) is shown 
when the air capacity rate (cold fluid) is defined as ma and the water capacity rate 





                                                                                                                                 (3.68) 




                                                                                                                                    (3.69) 
Where Qmax is the maximum theoritical amount of enthalpy that can be transferred 
and it can be given by: 
Qmax = (minimum capacity rate)X (hmaswi − hmai)                                                    (3.70) 
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Where hmaswi  is the saturated air enthalpy at the water inlet temperature and hmai is 







Cmin(hmaswi − λ − hmai)
                                                                               (3.71) 
Where 𝛌 is a correction factor, according to Berman [43] to improve the 
approximation of enthalpy-temperature curve as a straight line [28] and it can be 
given by: 
λ =
hmaswo + hmaswi − 2hmaswm
4
                                                                                       (3.72) 
For air and water streams, the number of transfer units for cross-flow arrangment 
for different configurations as per [26, 28] can be unmixed or mixed, or one can be 
mixed and the other unmixed or vice versa.  
Therefore, for cross-flow with both streams mixed, NTU can be obtained according 
to the following equation: 
Ԑ = 1 − exp [
NTU0.22[exp(−C. NTU0.78) − 1]
C
]                                                              (3.73) 












                                                (3.74) 
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For cross flow with Cmaxmixed and Cmin unmixed, then: 
Ԑ =
1 − exp{−C[1 − exp(−NTU)]}
C
                                                                                   (3.75) 
For cross flow with Cmaxunmixed and Cmin mixed, then: 
Ԑ = 1 − exp {−
[1 − exp(−C. NTU)]
C
}                                                                               (3.76) 
According to [26] there are two possible cases when the heat capaity rate of the cold 
fluid is less or greater than the heat capacity rate of water. 
Case 1: if the heat capacity rate of cold fluid is greater than that of water, 
ma>mwCpw/(dhmasw/dTw) 
as per the definition of the heat exchanger design, the capacity rate ratio for this 







                                                                                        (3.77) 




 NTU                                                                                                      (3.78) 












                                                                                        (3.79) 


























3.4 SECOND LAW ANALYSIS 
The first law of thermodynamics deals with the quantity of energy and states that 
energy cannot be created or destroyed. This law merely serves as a necessary tool 
for the quantity of energy during a process. The second law, however, deals with the 
quality of energy. More specifically, it is concerned with the degredation of energy 
during a process, the entropy generation, and the lost opportunities to do work; and 
it offers plenty of room for improvement [13]. 
Merkel, Poppe and e-NTU methods explained above were derived according to the 
first law of thermodynamics only. Therefore, applying the second law of 
thermodynamics to the air-water mixing process or in the wet cooling tower or 
humidifier devices is a necessary approach to examine the value of transferred 
energy in these processes by evaluating the irreversibilities or entropy generation 
and exergy destruction associated with the heat and mass transfer of mixing air and 
water in the cooling tower or humidifier. 
From the basic definitions of second law, irreversibilities accompanying mixing of 
air and water streams generate entropy and any process that generates entropy 
always destroys exergy. In other words, the decrese of exergy principle is the 
counterpart of the increase of enetropy principle since both are alternative 
statements of the second law of thermodynamics. 
Since the rate of entropy generation or the rate of exergy destruction measure the 
system inefficiencies, exergy analysis involves the calculation of system 
performance in the form of second law efficiency. 
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By applying the steady flow exergy balance to the crossflow humidifier as shown in 





= Ẋd                                                                                                                    (3.81) 
Where Xin and Xout are the exergy transfer by mass and heat entering and leaving the 
system respectively. And Xd represents the exergy destruction in the process which 
is proportional to the entropy generation as follows: 
Xdestroyed = ToSgen  ≥ 0                                                                                                        (3.82) 
Where To is the temperature of the environment or the resteicted dead state 
temperature. 
Equation (3.81) can be expressed in an alternative form as follows: 
ẋd + ẋao + ẋwo = xai + ẋwi + ẋmakeup                                                                               (3.83) 
Wepfer [35] provided a formula for total flow exergy of humid air per kilogram of 
dry air if the dry air and water vapor are considered ideal gases which can be used 
to expand equation (3.83), and it is given as follows: 
Xtotal = (cpa + ωcpv)To(T To⁄ − 1 − ln(T To⁄ )) 
+(1 + ω̃)RaToln(P Po⁄ ) + RaTo[(1 + ω̃) ln((1 + ω̃o) (1 + ω̃)⁄ ) + ω̃ ln(ω̃ ω̃o⁄ )]                (3.84) 
Where, the humidity ratio on molal basis is given by: 
ω̃ = 1.608 ω                                                                                                                              (3.85) 
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Entropy generation can be found by applying the steady flow entropy balance as 
follows: 
Ṡgen = Ṡout − Ṡin                                                                                                                      (3.86) 
Where, 
Ṡout = ṁwoswo + ṁasao                                                                                                         (3.87) 
And, 
Ṡin = ṁwiswi + ṁasai                                                                                                            (3.88) 
Therefore, equation (3.86) can be further expanded as follows [36]: 
Ṡgen = ṁwi[swo − swi] − [ṁwi − ṁwo]swo + ṁasao − ṁasai                                                   (3.89) 
Entropy generation should always be greater than or equal to zero in equation 
(3.89). 
As per Bejan [34] definition of second law efficiency which measures the 




                                                                                                   (3.90) 
Or, 
ηII = 1 −
Ẋd
Ẋai + Ẋwi + Ẋmakeup







An experimental work is done to evaluate the performance of a cross-flow 
humedifier and the points with least irreversibility by applying different operating 
parameters to the system which include inlet water temperature, water flow rate, 
and surface area of the fill or the number of fills used in the experiment. 
The governing equations and methods explained in chapter three will be used to 
achive the objective. 
4.1 EXPERIMENT SETUP 
4.1.1 Overview 
A cross-flow humidifier which is locally made is schematically shown in figure 4.1 
and it is composed of the following components: 
 
 The maincolumn; a transperent PVC column with dimensions: 30cm X 30 cm X 
90 cm. 
 Three PVC packed-beds or film fills installed inside the column with dimensions: 
30 cm X 30 cm X 10 cm, and separated apart by 20 cm. 
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 Two fans installed at both ends of the humidifier column so that the air is blown 
through the fill material from left to right as shown in figure4.1. 
 150 liter water tank with 5 installed electric heaters. Three of them are 2 KW 
each and the other two heaters are of 1 KW power for each so that the total load 
these electric heaters can provide is 8 KW.  
 Voltage controller or VARIAC is used and connected to one of the electric heaters 
(1 KW electric heater) so that it provides the required amount of power in order 
to achieve  steady water temperature input to the humidifier and hence a steady 
state process. 
 A pump to transfer the water from the tank to the humidifier. 
 PVC pipes connecting the system components. 
 One and half inch ball valve installed between the water tank and the column to 
regulate the flow and provide required flow rate. 
 Two ball valves to control water flow over the fill materials during the tests. 
 Flowmeter (Rotameter) to measure the water flow rate. 
 Mist eleminator installed downstream of the third fill just before the air exiting 
the column to trap any moisture tending to leave the column. 
 Six Omega thermocouples to measure the dry and wet bulb temperatures of air 




Table 4.1 summarizes the details of the instruments used to measure the 
temperatures, air speed and water flow rate along with their ranges of accuracy and 
precision. 
 
Table 4.1 Details of the instruments used to perform the measurements 
Instrument Model Measured 
Variable 















±2.0% ±0.1 Manually in Lab 
 
Data Logger OMEGA 
– HH603 



































4.1.2 System Operation 
The operation of the setup shown in figure4.1 or the cross flow humidifier is simple 
in principle that the unsaturated air at room temperature enters the humidifier by 
help of the inlet and outlet fans and passes through the packed-beds as shown, 
Meanwhile, the humidification is accomplished by spraying hot water over the 
packed-bed or the fill and consequently the air is heated and humidified. Such 
process of heating and humidification can be represented in the psychrometric 
chart as alreadyshown in figure 1.5. During such process, some amounts of water 
from the sprayed water evaporates and is absorbed by the air. 
Because the temperature of the moisture is greater than the temperature of the air, 
there is an overall increase in the temperture of the air. 
As the process of heating and humidification takes place, the dry bulb, web bulb, and 




















4.2 TEST PROCEDURE 
To achieve the objective of the experiment, calculation of humidity ratio at different 
operating conditions, along with evaluating the system performance is what is going 
to be done by varying the three mentioned input parameters 
Figure 4.2 shows the followed method to perform the test, that is at a given fill 
length the water inlet temperature is held at a specific value then the water flow 
rate is changed at seven different values. The same procedure is followed and 
repeated for three fill cases (i.e. 1, 2 and 3 fills) and four different water inlet 
temperatures (i.e. Twi=room temperature,35, 45 and 55oC), hence a total of 84 
readings are obtained. 
The measurements are conducted at steady state condition by help of a voltage 
variable device used to adjust the power input to the electric heater and therefore 
holding the temperature of entering water at a constant value, and it takes 30 
minutes for the steady state to be reached. 
The air speed is not varied so that the air-water flow rate ratio mr=mw/machanges as 
the water flow rate is changed. 
The air dry bulb and web bulb temperatures of the lab ambient air is used into the 
test measurements as the air inlet condition (The values of these temperatures are 
given in section 4.4). 





Table 4.2 Test parameters 
Parameter Symbol Unit 
Air flow rate ma Kg/s 
Water flow rate mw Kg/s 
Air inlet dry bulb Temp. Tai oC 
Air outlet dry bulb Temp. Tao oC 
Air inlet web bulb Temp. Ti,wb oC 
Aor outlet wet bulb Temp. To,wb oC 
Water inlet Temp. Twi oC 
Water outlet Temp. Two oC 
 
 




















4.3 METHOD OF ANALYSIS 
 Air and water effectiveness (ϵa and ϵw) 
Although the main goal of the experimental work is to measure the humidity ratio of 
the exiting air, all other influencing aspects should be evaluated in order to examine 
the overall system performance. Therefore, the two main effectiveness definitions 
introduced in chapter 3 (equations 3.4 and 3.5) are used to analyze the performance 
of the cross flow humidifier. They will be calculated versus mass flow rate ratio and 
heat capacity ratio given by equation (3.6). 
As the mass flow rate ratio is varied these two effectiveness will intersect at some 
point when the heat capacity rate of air and water are equal as implied before by the 
definition of heat capacity rate ratio HCR. 
 Merkel Number 
In regards to Merkel number calculation, the approximate method introduced in 
sections 3.1 and 3.2 for Poppe and Merkel models is applied on the values obtained 
experimentally. The method is tested and compared with the numerical results 
presented in [28] by using the same input data. The deviation from the exact results 
is about 5-10%. Table 4.3 presents the values by numerical results in [28] and by 





Table 4.3 Comparison between Merkel numbers obtained by numerical 
results and approximation approach by Chebychev method; Tai=9.7oC, 













Me 0.7395 0.7973 8.0 0.7976 0.8495 7.0 
 
Effectiveness-NTU method is also used to calculate Merkel number in order to 
compare the results with Poppe and Merkel methods. 
 Accuracy of calculated Merkel number over second and third fill 
The experiment setup includes only one flow meter which measures the total flow 
rate of water in case of two or three fills runs and in order to evaluate the amount of 
water flowing in each film fill, a manual measurement was done and the results 
showed the quantity of water is almost distributed evenly in each fill. Merkel 
number is calculated accordingly and table 4.4 represents the differences associated 
with the quantities of water flowing in each fill. Readings were taking at water flow 
rate of 4 LPM and water inlet temperature of 35oC. 
Table 4.4 comparison of Merkel number for three fills with a total water flow 
















1st 18.6 14.1 25.5 223.5 35 30.2 0.365 0.0 
2nd 25.5 23.5 29 27.9 35 31.9 0.3586 1.78 




In light of the results in table 4.4, all of the readings for two and three fills cases in 
the experimental work are taken on the basis that the water flow rate is distributed 
evenly in each fill. 
 Second Law Analysis 
The entropy generation and second law efficiency of each process from the obtained 
experimental data will be directly calculated by equations (3.89) and (3.91). 
Non-dimensional entropy generation introduced in [36] will be utilized over the 
experimental results for different operating conditions. The term of non-
dimensional entropy generation is relating the minimum heat capacity rate to the 
calculated entropy generation (i.e. Sgen/(m.cp)min). 
The dead state conditions required to calculate the flow exergy are taken as: 
To=298.15 [K] 
∅ = 50% , relative humidity at dead state 
Po=101.325 [KPa] 
Moreover, specific enthalpy and specific entropy at dead state are evaluated at these 





4.4 RESULTS AND DISCUSSIONS  
Following the procedure of section 4.2, the experimental work was conducted and 
completed for84 readings. The readings were taken manually by using the 
instruments mentioned in Table 4.1.Tables 4.5, 4.6 and 4.7 are sample readings at 
Twi=35, 45 and 55oC respectively. 









Table 4.6 Experimental results at Twi=45oC 












0.8784 22 14.4 28.9 26.5 45 33.3 
1.1842 20.8 14.1 29.2 27.3 45 35.5 
1.4792 21.9 14.6 30.1 28.4 45 36.5 
1.8561 21.8 11.8 30.7 28.4 45 37 
2.3695 27.2 19.5 33.5 32 45 39.2 
2.7309 27.2 19.5 33.9 32.5 45 39.8 
3.1727 27.2 19.5 34.1 33.3 45 40.2 












0.8784 20.7 13.8 25.3 22 35 27.9 
1.1458 20.8 14.1 24.6 22.1 35 29.5 
1.4792 21.9 14.6 26.1 23.4 35 30.1 
1.7029 21.8 11.7 26.1 22.1 35 30.3 
2.0543 26 18.7 29.1 25.6 35 31.7 
2.4031 26.1 18.7 29 25.8 35 32.1 




Table 4.7 Experimental results at Twi=55oC 












0.9028 21.5 15 33.4 31.2 55 37.9 
1.3158 20.8 14.1 33.9 32.4 55 41.2 
1.6667 24 14.7 34.5 33.5 55 43.7 
1.9841 22.1 12 35.3 34.4 55 43.5 
2.2222 22.1 12 35.7 35 55 44 
2.5926 22.1 12 36.5 36.2 55 45.2 
2.963 22.1 12 37.6 37.3 55 46 
 
Calculations are performed using the Engineering Equation Solve (EES) which uses 
accurate equations of state for moist air and water properties; see Appendix B (1) 
for EES codes. 
Merkel number by Poppe and Merkel models are calculated according to the 
approximation method introduced before. Appendix B (2) shows EES code for 
implementing such calculation. 
The details of instruments precision and accuracy presented in table 4.1 are used to 
perform the uncertainty analysis by using Coleman and Steele approach [44]. The 






4.4.1 First Law Analysis 
A. Effect of water flow rate 
If the definitions in equations (3.4) and (3.5) for the system effectiveness of 
enthalpy changes of water and air sides are applied to the experimental results for 
different flow rate ratios, it can be conferred from figure 4.3 that the humidifier 
effectiveness for air side increases as the mass flow rate ratio increases, that is the 
water vapor content in the air exiting the humidifier increases and as a result the 
amount of energy content in the air or its enthalpy will be higher. This is due to the 
fact that the energy balance governs the outlet air humidity ratio and relative 
humidity in the heating and humidification process and hence they increase as the 
flow rate ratio increases. 
If the water side in the humidifier is considered, the system effectiveness decreases 
as the mass flow rate increases. Such result is in a good agreement with the energy 
balance of the process when the decrease of enthalpy change of water is associated 
with an increase of enthalpy change of air. In other words, because the water flow 
rate is the only parameter that vary the mass flow rate ratio in the experiment, a 
physical meaning concerning its effect to the water outlet temperature can be 
elaborated through the time the water spends while travelling through the film fill 
of the humidifier, therefore, when the water flow rate is high or the time it spends in 
the fill is short, less heat transfer is resulted and hence the water inlet and outlet 
temperature difference will be less. The vice versa case is true when the water flow 
rate is large. 
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At a specific case of system operating conditions there is a point where the two 
system effectiveness for air and water sides intersects. This means that the water 
and air streams reached to a condition where their heat capacities are equal to each 
other and the amount of energies transferred by any of both streams are equal. If 
the same figure is plotted against heat capacity ratio, as per the definition of 
equation (3.6) it can be noted from figure 4.4 that this intersection takes place at 
HCR equals one. 
At heat capacity ratios higher than one, the cold or air stream heat capacity is more 
than that of the hot or water stream and therefore the heat and mass transfer of the 
process cannot allocate the same energy differences (i.e. equal enthalpy changes for 
air and water). 
Camargo [30] concluded from the experimental work that increasing the air speed 
will decrease the system effectiveness without testing the enthalpy change for water 
side, and this behavior is met too as in figure 4.3. 
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Figure 4.3 Effect of mass flow rate ratio on system effectiveness; Twi=35oC, two fills 
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B. Effect of water inlet temperature 
Heating the air to higher temperatures raises its capacity to accommodate more 
water vapor but still the system effectiveness is what eventually can judge its overall 
performance. Therefore, varying the water inlet temperatures to establish heating 
and humidification processes for the same range of mass flow rate ratios will lead to 
different trends of system effectiveness as in figure 4.5. It can be seen from the 
figure that the two streams will behave the same way as explained earlier for each 
water inlet temperature, but it can be conferred from the figure that as the water 
inlet temperature increases the intersection points will happen at higher flow rate 
ratio, and these specific flow rate ratios points coincides with HCR equals one for 
that given water inlet temperature. Figure4.6 shows clearly these intersection 





Figure 4.5 Effect of water inlet temperature on system effectiveness at different 
mass flow rate ratios and three fills case 
 
 
Figure 4.6 Effect of heat capacity ratio on system effectiveness at different water 
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If can be concluded from figure 4.5 and 4.6 that at HCR equals one the change of 
water inlet temperature has little effect in the value of system effectiveness or in 
other words  for the 4 chosen temperatures the effectiveness is almost the same at 
these points. If these points at HCR ≈ 1 are plotted versus water inlet temperature 
then it can be noted from figure 4.7 the small differences in the system effectiveness 




















Figure 4.7 Effect of water inlet temperature on the system effectiveness at 



























C. Effect of Surface Area 
Changing the number of fills used in the experiment is nothing but changing the 
surface area for heat and mass exchanging between the two streams of air and 
water. If the system effectiveness for both streams is tested for different film fills at 
the same water inlet temperature Tw=55oC then it can be noticed from figure4.8 that 
the system effectiveness for both flows will be enhanced as the heat and mass 
surface area is increased. It should also be noted that further increase in surface 
area or number of fills will not necessarily contribute in increasing the system 
effectiveness at the same percentages presented in the figure. The reason behind 
that is as the surface area is increased the two streams will have more chance to 
exchange heat and mass and hence the air would have no more capacity to absorb 
energy from the hot water streams and any further increase in the moisture content 
in the air will be given out and condensed. For these specific results in figure4.8 
most of mass and heat transfer takes place in the first fill and if a profile of the 
amount of water-vapor absorbed by the air is established for these three cases, then 
70-75% of mass exchange will take place in the first fill, 15-20% in the second fill 




Figure 4.8 Effect of surface area on system effectiveness for different mass flow 
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The effect of water inlet temperature to the intersection point’s location at the flow 
rate ratio scale has been presented earlier. Unlike the water inlet temperature effect, 
changing the surface area has no effect on the locations of these points at the same 
scale of flow rate ratios and it can be seen from figure4.8 that these points take place 
at the same mass flow rate ratio. This is simply explained from the energy balance of 
the process which is a function only of the heat capacities of the two streams as well 
as the water inlet temperatures.  
As a consequence of figure4.8 if the system effectiveness for both streams is plotted 










Figure 4.9 Effect of surface are on system effectiveness for different heat 
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4.4.2 Second Law Analysis 
A. Effect of mass flow rate ratio 
From the basic definitions of the second law of thermodynamics, evaluation of the 
entropy generation of the process of heat and mass transfer would tests the losses 
or irreversibility associated with such process. And due to the fact that energies are 
transferred to or from the cold and hot streams according to their amount of heat 
capacities, there must be a specific operating condition when the losses are minimal 
along the different heat capacity ratios of both streams.  
Since variation of mass flow rate ratios changes the values of HCR then non-
dimensional entropy generation defined in section 4.3 can be directly plotted 
against HCR as shown in figure4.10 with emphasis that the relative humidity of inlet 
air for these particular values are almost the same . So, the figure shows how the 
non-dimensional entropy generation varies when changing the flow rate ratios or 
the heat capacity ratio at fixed surface area and water inlet temperature. It can be 
noticed that the lowest values of entropy generation are around HCR ≈ 1.  
And by Bejan [34] definition for the second law efficiency, equation (3.91), the 
results showed that when the entropy generation is minimum, the second law 
efficiency is maximum as can be conferred from figure 4.11. So there is an optimum 
point from the perspective of the second law analysis which in turn points at the 
best operating condition at which the cross-flow humidifier will perform. 
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When Wepfer [35] definition for total flow exergy of humid air is used, then the 














Figure 4.10 Effect of heat capacity ratio on the non-dimensional entropy 
generation; three fills, Twi=45oC 
 
 
Figure 4.11 Mass flow rate ratio versus rate of entropy generation 


























It is worth mentioning that the effect of the inlet air relative humidity to the second 
law efficiency is not significant at the same mass flow rate ratio as presented in [38] 
for counter-flow cooling towers. It has been shown that for a relative humidity 
range from 0.35 to 0.85 for mass flow rate ratio of 0.5 the second law efficiency 
changes in a range of 0.0 to 2.5% and for a mass ratio of 1.0 the second law 
efficiency changes from 0.0 to 1.6%. For the presented study of cross-flow 
humidifier these conclusions are almost the same as presented in [38]. Table 4.8 
shows three different conditions of inlet air along with their second law efficiencies 
values. The change of relative humidity from 0.35 to 0.72 for cross-flow humidifier 
for a fixed mass ratio of 1.7 has an effect to increase the second law efficiency up to 
almost 0.8%. Therefore, the optimum point in figure4.11 is still valid to be the 
maximum because it was evaluated at low value of relative humidity and if its 
relative humidity is changed to be the same as other points in the same figure then 
the second law efficiency at that particular point will be higher. 
Table 4.8 effect of relative humidity of inlet air on the 2nd law efficiency at 
fixed mass flow rate ratio; three fills, Twi=55oC. 
Mr ∅ Twi, oC No. of 
Fills 
ηII 
1.7 0.35 55 3 0.9062 
1.7 0.5 55 3 0.901 
1.7 0.72 55 3 0.9134 
 
If the results of figure 4.11 are plotted versus HCR then figure 4.12 is a normal 




Figure 4.12 Heat capacity ratio versus rate of entropy generation and 2nd 














B. Effect of water inlet temperature 
By the analysis of the first law of thermodynamics it has been shown in figure4.6 
that for a fixed surface area the system effectiveness has nearly the same value at 
HCR ≈ 1 for different water inlet temperatures. If the second law analysis is used to 
evaluate these results and non-dimensional entropy generation is plotted versus 
HCR then it can be clearly noticed from figure4.13 that as the water inlet 
temperature increases the non-dimensional entropy generation increases. 
Therefore, at the points of intersection in figure4.5 the losses or irreversibility is the 
minimum in the processes of heat and mass exchanging. 
It has been shown in figures 4.11 and 4.12 that the second law efficiency is 
maximum when the entropy generation is the least. Therefore, for the results 
presented in figure 4.13, the operating conditions with minimal losses will be 
examined from the perspective of the 2nd law efficiency for different water inlet 
temperatures. Figure 4.14 shows how the 2nd law efficiency of the points with 
minimal losses in figure 4.13 changes for fixed surface area and HCR equals one. As 
the water inlet temperature increases the second law efficiency decreases and this 








Figure 4.13 Non-dimensional entropy generation versus heat capacity ratio 
for different water inlet temperatures and fixed surface area (three fills) 
 
Figure 4.14 Effect of water inlet temperature on the 2nd law efficiency at 

































C. Effect of Surface Area 
The first law analysis showed that the system effectiveness is enhanced when the 
surface area or the number of film fill is increased, see figure4.9. If the exergy 
destruction or the entropy generation principles are used to test the quality of the 
transferred energies as the surface area of the cross-flow humidifier is changed then 
it can be conferred from figures 4.15 and4.16 that increasing the surface area will 
result in an increase of entropy generation rate with minimal losses at heat capacity 
ratios equal one.  
And at a specific water inlet temperature the second law efficiency increases as the 
number of film fills used is reduced, see figure 4.17. 
Increasing the surface area gives the hot and cold streams more chances to 
exchange heat with surrounding, moreover, for the mass transfer side some of the 
water vapor in the air will tend to condense and this can be thought of as the energy 
that has been spent and consumed to evaporate and absorb the water-vapor from 
the water stream to the air stream is dissipated through the condensation process 
which happens before the air leaves the humidifier, therefore, that amount of energy 
is considered lost and such loss is reflected in increasing the entropy generation and 







Figure 4.15 Effect of surface area on the non-dimensional entropy generation at 
fixed water inlet temperature of 45oC 
 
Figure 4.16 Effect of surface area on the non-dimensional entropy generation 
























































Figure 4.17 Effect of surface area and water inlet temperature on 2nd law 












4.4.3 Merkel Number 
Effectiveness-NTU method is used in the following three sections to study the effect 
of mass flow rate ratio, water inlet temperature and the fill length because using any 
method will lead to same behavior or trends but of course the values of Merkel 
number will be different if other methods are considered. The comparison between 
the three introduced methods in chapter 3 is done in the last section. 
A. Effect of mass flow rate ratio 
The transfer characteristic or the Merkel number is a strong function of the water 
flow rate as it is shown in figure4.18. From the definition of Merkel number, in 
addition to the product of mass transfer coefficient and surface area per unit volume 
inside the Merkel number, water flow rate is also included. And unlike these two 
characteristics of the fill which are practically difficult to be determined, water flow 
rate can easily be varied to change the final value of Merkel number. Therefore, as 






Figure 4.18 Effect of mass flow rate ratio on Merkel number; Twi=35oC, two 




























B. Effect of Water inlet Temperature  
It has been shown experimentally [45] that increasing the water inlet temperature 
decrease the Merkel number for counter-flow cooling tower. For the present study 
of a cross-flow configuration the same result is achieved as shown in figure4.19.  
These trends in figure 4.19 can be obtained by using any methods mentioned earlier 
for analyzing the performance of cross-flow humidifier and in this figure e-NTU 
method is used. 
As already explained, the driving potential in the evaporative process inside cross-
flow humidifier is the difference between the enthalpy of the air at the interface 
with water and the air at the free stream, and such difference is included in the 
integral form of Merkel number. Moreover, as the water inlet temperature increases, 
the difference between the inlet and outlet temperatures for water becomes larger. 
Even though such difference is large, the Merkel number is smaller when it is 
compared with less water inlet temperature. The reason behind that is the air 
enthalpy difference which dominates at higher temperatures, and therefore reduces 





Figure 4.19 Effect of water inlet temperature on Merkel number for different 































C. Effect of fill length or surface area 
The transfer surface area of the fill is a product of the volume of the fill and the 
surface area per unit volume which is a characteristic of the fill itself. Therefore, 
changing the fill length will result in changing its volume and in turn the surface 
area for heat and mass transfer.  
The potential difference in temperature and water concentration between the air 
and water streams are higher at the inlet sides of the fill, then such potential 
decreases as the air becomes more saturated, until it cannot sustain to absorb more 
water vapor which may allow the process of condensation to happen. Therefore, 
increasing the surface area for heat and mass transfer is limited to the air capacity 
to absorb water-vapor, for example, doubling the surface area for the same inlet 
conditions does not mean that the amount of water vapor absorbed by the air will 
be doubled too.  This fact can be observed simply in the variation of Merkel number 
for different surface areas as shown in figure4.20. The value of the transfer 
characteristic or Merkel number for two fills increased by 45% (from the value of 
Merkel number for one fill case) and for three fill case it increased by 20% (from the 
value of Merkel number for two fill case). Such reduction in the percentage of 
Merkel number increase draws a limit in designing a humidifier that adding more 
fills or increasing the surface area is not necessarily mandatory if the objective is to 
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D. Merkel number by Merkel, Poppe and e-NTU methods 
As mentioned earlier, unlike counter-flow arrangement, the calculation of Merkel 
number in cross-flow configuration should be conducted in two dimensional 
schemes. And evaluation of integrals for Merkel number in equations (3.46) and 
(3.61) can be done by Chebychev integration method and for cross-flow it is more 
complicated than the case of counter-flow.  
As already explained, the introduced approximation method for such evaluation 
showed that the obtained Merkel number by both Merkel and Poppe methods gave 
values higher by 5-10% than the exact solution. Table 4.3 shows a comparison 
between Merkel number obtained by numerical calculation and by the proposed 
approximation method by using available data in [28] for 1.5 X 1.878 m film fill. The 
used approximation method has also been tested for counter-flow arrangements 
and produced exactly the same results with zero deviations. 
Taking such differences into consideration, the obtained values of Merkel number 
by all methods are compared to each other. Figure4.21 shows that Merkel number 
by Poppe method gives higher values than Merkel and e-NTU methods because it is 
supposed to be more rigorous and accurate. On the other hand, Merkel and e-NTU 
which are using the same simplifying assumptions produced almost the same values 
even though Merkel numbers by Merkel method are calculated by the 
approximation method. Therefore, the deviation might not be as large as stated in 
table 4.3 because the fill size for the values in figure4.21 ( 0.1 X 0.3 m) is much 
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Figure 4.21 Comparison between Merkel numbers by Poppe, Merkel and e-
































4.4.4 Best operating conditions and performance comparison with 
counter flow humidifiers 
In light of previous analysis of first and second law of thermodynamics, the best 
operating conditions of the cross flow humidifier are the ones with least losses or 
irreversibility; that is at HCR equals 1.0. Since the humidifier is tested for the aim of 
using it in HDH system then the exit air is preferred to contain more water vapor. 
And hence, higher qualities of humid air can be achieved at higher mass flow rate 
ratios but as it has been noticed such higher qualities of air are on the expense of 
higher energy input to the system or in other words higher losses. 
From the collected experimental results, the best operating condition for the tested 
cross flow humidifier took place when the water is provided into the humidifier at 
room temperature and at a fill length of 0.3 meter or the highest length available. 
The system effectiveness at this point is calculated to be 46%. 
If a cross flow configuration is compared with a counter flow configuration, the 
results available in literature showed that more water vapor evaporates from water 
stream in the counter flow humidifiers, and such results can be noticed through 
Merkel number. For example, in [32] the results for both configurations are 
evaluated and the comparison is made. Table 4.9 shows that Merkel number for 





Table 4.9 Merkel number comparison between counter and cross-flow 
humidifier [32] 
 Twi mw/ma Mep/Lefi 
Counter-Flow Humidifier 38.13 1.87 0.65 
Cross-Flow Humidifier 38.27 1.88 0.57 
 
If the system performance of cross and counter flow humidifiers is compared to 
each other, then the air and water effectiveness (ϵw and ϵa ) of the counter flow 
humidifier showed higher values by nearly 19-25% than the cross flow humidifier. 
Results of experimental data for counter flow cooling tower in [46] are used for 
comparison with the results of current study. Table 4.10 shows Merkel number and 
air and water effectiveness for counter and cross flow humidifiers. 
Table 4.10 System effectiveness comparison between counter and cross flow 
humidifiers 
 mw/ma Twi    (oC) Mep ϵa ϵw 
Counter-Flow Humidifier 1.5 31.5 0.54 0.43 0.29 











CONCLUSION AND RECOMMENDATIONS 
Experimental work for cross flow humidifier has been done for one, two and three 
film fills set up and readings were taken for different mass flow rate ratios and 
water inlet temperatures. First and second law of thermodynamics were used to 
analyze the results by evaluating the variation of effectiveness or enthalpy changes 
for air and water streams as a function of input parameters as well as the associated 
entropy generation rate for each process.  
The results showed that as mass flow rate ratio is varied, the heat capacity ratio of 
the hot and cold streams of air and water changes and when they are equal to each 
other the system effectiveness for both definitions of equations (3.4) and (3.5) 
becomes equal. The water inlet temperature influences the enthalpy change of 
humid air so that as it decreases the change in the humid air enthalpy is enhanced. 
Moreover, it has an effect to the heat capacity ratio at which the system 
effectiveness for both cases becomes equal.  
It has also been shown that increasing the surface area or increasing the number of 
film fills enhances the heat and mass transfer and therefore the system effectiveness 
increases accordingly. 
Second law analysis has been conducted for measured values and it showed the 
entropy generation rate is the least at HCR ≈ 1 in all cases. And as the water inlet 
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temperature increases the irreversibility in the system increases and the associated 
second law efficiency decreases. 
Moreover, the effect of increasing the surface area has strong influence in increasing 
the losses in the system and hence the 2nd law efficiency decreases as the number of 
fills used increases.  
At HCR equals one, second law efficiency was also tested and figure 4.17 showed 
that decreasing the number of fills contribute in increasing the 2nd law efficiency. 
On the other hand, Merkel number was calculated by three different methods, 
Merkel, Poppe and e-NTU models. And all these models the mass flow rate ratio 
showed an influence to the value of Merkel number, that is, Merkel number 
decreases as the mass flow rate ratio increases. And it increases as the surface area 
is increased.  
The effect of water inlet temperature is not as significant as the other parameters 
(i.e. mass flow rate ratio and surface area). 
An approximation method was introduced and implemented to calculate Merkel 
number by Merkel and Poppe models with help of Chebychev integration method 
and it deviates from exact solutions by almost 8.0%. 
Comparison between the three methods was made and since e-NTU and Merkel 
models are employing the same simplifying assumptions, they showed similar 
results. And because Poppe model is more accurate, the Merkel number obtained is 
greater than the ones evaluated by other two methods. 
Since the flow rate of water during the test of three film fills case is the total flow 
rate on these fills, the partial flow rate over each fill is the same for all but the 
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associated heat capacity ratio is different for each one due to the fact that the 
incoming air temperature to the second and third fill is higher. Therefore, it is 
recommended to regulate the flow rate of water over each fill in order to achieve 
HCR equals one which is according to the results will maintain the minimum losses 
in the system. 
Although the results of cross flow humidifier showed less performance than the 
counter flow humidifier, it is recommended to continue investigating how a cross 
flow humidifier will perform when it is incorporated with dehumidifier to form an 










Coleman and Steele [44] approach for uncertainty analysis is used to examine 
the results of the experimental measurements. The proposed propagation 




2                                                                                                                  (A. 1) 
Where Ur is the total uncertainty error, Br is the Bias error, and Pr is the 
precision error. 
Bias and precision errors can be evaluated as follows: 
Pr









                                                                                                     (A. 2) 
And,  
Br









                                                                                                    (A. 3) 




The sensitivity of ϵw , ϵa , HCR , Me and µII to the changes of air and water flow 
rates, dry and wet bulb temperatures of air and water inlet and outlet 
temperatures, are evaluated by considering different values that ranges from 
low to high flow rates and from low to high temperatures. 
Tables A.1, A.2 and A.3 below represent the calculation of the total 

















Table A.1 Uncertainty analysis for 3 fills readings at Twi=55oC and 
mw=2 LPM. 

















Va m/s 0.1 23.72 23.72 0 0.1 0 0.1 0 
 
∀ ̇inlet,w LPM 0.1 23.72 23.72 0 0.1 0 0.15 0 
 
Tdry, in 
oC 0.15 23.72 23.72 0 0.1 0 0.35 0 
ϵa 
Twet, in 
oC 0.15 23.72 23.62 -0.667 0.1 0.0044 0.35 0.054 
 
Tdry, out 
oC 0.15 23.72 23.72 0 0.1 0 0.35 0 
 
Twet, out 
oC 0.15 23.72 24.01 1.933 0.1 0.03737 0.35 0.457878 
 
Twater, in 
oC 0.15 23.72 23.52 -1.333 0.1 0.0178 0.35 0.21778 
 
Twater, out 
oC 0.15 23.72 23.72 0 0.1 0 0.35 0 
 
       0.0596  0.7301 
 
      Pr 0.24413 Br 0.8544 
 
      Ur 0.8886   
 
          
 
parameter 

















Va m/s 0.1 57.49 57.49 0 0.1 0 0.1 0 
 
∀ ̇inlet,w LPM 0.1 57.49 57.49 0 0.1 0 0.15 0 
 
Tdry, in 
oC 0.15 57.49 57.49 0 0.1 0 0.35 0 
ϵw 
Twet, in 
oC 0.15 57.49 57.71 1.467 0.1 0.021511 0.35 0.26351 
 
Tdry, out 
oC 0.15 57.49 57.49 0 0.1 0 0.35 0 
 
Twet, out 
oC 0.15 57.49 57.49 0 0.1 0 0.35 0 
 
Twater, in 
oC 0.15 57.49 57.65 1.067 0.1 0.011378 0.35 0.139378 
 
Twater, out 
oC 0.15 57.49 57.12 -2.467 0.1 0.06084 0.35 0.74534 
 
       0.093733  1.14823 
 
      Pr 0.306159 Br 1.0715 
 






    
 
 
    
 
       
 


























Va m/s 0.1 0.9088 0.9041 -0.047 0.1 2.209E-05 0.1 2.209E-05 
 
∀ ̇inlet,w LPM 0.1 0.9088 0.9242 0.154 0.1 0.00023716 0.15 0.00053361 
 
Tdry, in 
oC 0.15 0.9088 0.9088 0 0.1 0 0.35 0 
Me Twet, in 
oC 0.15 0.9088 0.9133 0.03 0.1 9E-06 0.35 0.00011025 
 
Tdry, out 
oC 0.15 0.9088 0.9088 0 0.1 0 0.35 0 
 
Twet, out 
oC 0.15 0.9088 0.9088 0 0.1 0 0.35 0 
 
Twater, in 
oC 0.15 0.9088 0.9125 0.024667 0.1 6.08444E-06 0.35 7.45344E-05 
 
Twater, out 
oC 0.15 0.9088 0.8929 -0.106 0.1 0.00011236 0.35 0.00137641 
 
       0.000386694  0.002116894 
 
      Pr 0.019664548 Br 0.046009721 
 
      Ur 0.050035876   
 
          
 
parameter 

















Va m/s 0.1 2.421 2.46 0.39 0.1 0.001521 0.1 0.001521 
 
∀ ̇inlet,w LPM 0.1 2.421 2.355 -0.66 0.1 0.004356 0.15 0.009801 
 
Tdry, in 
oC 0.15 2.421 2.421 0 0.1 0 0.35 0 
HCR Twet, in 
oC 0.15 2.421 2.427 0.04 0.1 1.6E-05 0.35 0.000196 
 
Tdry, out 
oC 0.15 2.421 2.421 0 0.1 0 0.35 0 
 
Twet, out 
oC 0.15 2.421 2.421 0 0.1 0 0.35 0 
 
Twater, in 
oC 0.15 2.421 2.433 0.08 0.1 6.4E-05 0.35 0.000784 
 
Twater, out 
oC 0.15 2.421 2.421 0 0.1 0 0.35 0 
 
       0.005957  0.012302 
 
      Pr 0.077181604 Br 0.110914381 
 
      Ur 0.135125867   
 
          
 




























          
 
parameter 

















Va m/s 0.1 0.7602 0.72 -0.402 0.1 0.00161604 0.1 0.00161604 
 
∀ ̇inlet,w LPM 0.1 0.7602 0.88 1.198 0.1 0.01435204 0.15 0.03229209 
 
Tdry, in 
oC 0.15 0.7602 0.7597 -0.00333 0.1 1.11111E-07 0.35 1.36111E-06 
𝛈II 
Twet, in 
oC 0.15 0.7602 0.7846 0.162667 0.1 0.000264604 0.35 0.003241404 
 
Tdry, out 
oC 0.15 0.7602 0.7608 0.004 0.1 1.6E-07 0.35 1.96E-06 
 
Twet, out 
oC 0.15 0.7602 0.7118 -0.32267 0.1 0.001041138 0.35 0.012753938 
 
Twater, in 
oC 0.15 0.7602 0.7852 0.166667 0.1 0.000277778 0.35 0.003402778 
 
Twater, out 
oC 0.15 0.7602 0.7344 -0.172 0.1 0.00029584 0.35 0.00362404 
  
      0.017847711  0.056933611 
  
     Pr 0.133595326 Br 0.238607651 
  















Table A.2 Uncertainty analysis for 3 fills readings at Twi=45oC and 
mw=8 LPM. 

















Va m/s 0.1 55.22 55.22 0 0.1 0 0.1 0 
 
∀ ̇inlet,w LPM 0.1 55.22 55.22 0 0.1 0 0.2 0 
 
Tdry, in 
oC 0.15 55.22 55.22 0 0.1 0 0.4 0 
ϵa 
Twet, in 
oC 0.15 55.22 55.11 -0.733 0.1 0.005378 0.4 0.065878 
 
Tdry, out 
oC 0.15 55.22 55.21 -0.0667 0.1 4.44E-05 0.4 0.000544 
 
Twet, out 
oC 0.15 55.22 55.82 4 0.1 0.16 0.4 1.96 
 
Twater, in 
oC 0.15 55.22 54.73 -3.2667 0.1 0.106711 0.4 1.307211 
 
Twater, out 
oC 0.15 55.22 55.22 0 0.1 0 0.4 0 
 
       0.272133  3.33363 
 
      Pr 0.521664004 Br 1.825824015 
 
      Ur 1.898885638   
 
          
 
parameter 

















Va m/s 0.1 24.1 24.1 0 0.1 0 0.1 0 
 
∀ ̇inlet,w LPM 0.1 24.1 24.1 0 0.1 0 0.2 0 
 
Tdry, in 
oC 0.15 24.1 24.1 0 0.1 0 0.4 0 
ϵw 
Twet, in 
oC 0.15 24.1 24.22 0.8 0.1 0.0064 0.4 0.0784 
 
Tdry, out 
oC 0.15 24.1 24.1 0 0.1 0 0.4 0 
 
Twet, out 
oC 0.15 24.1 24.1 0 0.1 0 0.4 0 
 
Twater, in 
oC 0.15 24.1 24.47 2.4667 0.1 0.060844 0.4 0.745344 
 
Twater, out 
oC 0.15 24.1 23.61 -3.2667 0.1 0.10671 0.4 1.30721 
 
       0.173956  2.130956 
 
      Pr 0.417079795 Br 1.459779283 
 
      Ur 1.518193371   
 




          
 





















Va m/s 0.1 0.4056 0.3979 -0.077 0.1 5.929E-05 0.1 5.929E-05 
 
∀ ̇inlet,w LPM 0.1 0.4056 0.4102 0.046 0.1 2.116E-05 0.2 4.761E-05 
 
Tdry, in 
oC 0.15 0.4056 0.4056 0 0.1 0 0.4 0 
Me Twet, in 
oC 0.15 0.4056 0.4077 0.014 0.1 1.96E-06 0.4 2.401E-05 
 
Tdry, out 
oC 0.15 0.4056 0.4056 0 0.1 0 0.4 0 
 
Twet, out 
oC 0.15 0.4056 0.4056 0 0.1 0 0.4 0 
 
Twater, in 
oC 0.15 0.4056 0.416 0.069333333 0.1 4.80711E-05 0.4 0.000588871 
 
Twater, out 
oC 0.15 0.4056 0.39 -0.104 0.1 0.00010816 0.4 0.00132496 
 
       0.000238641  0.002044741 
 
      Pr 0.015448013 Br 0.045218814 
 
      Ur 0.047784749   
 























Va m/s 0.1 0.4357 0.4458 0.101 0.1 0.00010201 0.1 0.00010201 
 
∀ ̇inlet,w LPM 0.1 0.4357 0.4305 -0.052 0.1 2.704E-05 0.2 6.084E-05 
 
Tdry, in 
oC 0.15 0.4357 0.4357 0 0.1 0 0.4 0 
HCR Twet, in 
oC 0.15 0.4357 0.4368 0.0073 0.1 5.378E-07 0.4 6.58778E-06 
 
Tdry, out 
oC 0.15 0.4357 0.4357 0 0.1 0 0.4 0 
 
Twet, out 
oC 0.15 0.4357 0.4357 0 0.1 0 0.4 0 
 
Twater, in 
oC 0.15 0.4357 0.4376 0.01267 0.1 1.60444E-06 0.4 1.96544E-05 
 
Twater, out 
oC 0.15 0.4357 0.4357 0 0.1 0 0.4 0 
 
       0.000131192  0.000189092 
 
      Pr 0.011453917 Br 0.013751081 
 
      Ur 0.017896493   
 
          
 
       
 




       
 
 
   
 
parameter 

















Va m/s 0.1 0.9078 0.871 -0.368 0.1 0.00135424 0.1 0.00135424 
 
∀ ̇inlet,w LPM 0.1 0.9078 0.921 0.132 0.1 0.00017424 0.2 0.00039204 
 
Tdry, in 
oC 0.15 0.9078 0.9076 -0.00133 0.1 1.778E-08 0.4 2.17778E-07 
𝛈II 
Twet, in 
oC 0.15 0.9078 0.9131 0.0353 0.1 1.2484E-05 0.4 0.000152934 
 
Tdry, out 
oC 0.15 0.9078 0.908 0.0013 0.1 1.778E-08 0.4 2.17778E-07 
 
Twet, out 
oC 0.15 0.9078 0.89 -0.11867 0.1 0.00014081 0.4 0.001725018 
 
Twater, in 
oC 0.15 0.9078 0.9322 0.16267 0.1 0.000264604 0.4 0.003241404 
 
Twater, out 
oC 0.15 0.9078 0.8784 -0.196 0.1 0.00038416 0.4 0.00470596 
  
      0.002330582  0.011572032 
  
     Pr 0.048276104 Br 0.107573381 
  















Table A.3 Uncertainty analysis for 1 fill readings at Twi=35oC and 
mw=5 LPM. 

















Va m/s 0.1 32.91 32.91 0 0.1 0 0.1 0 
 
∀ ̇inlet,w LPM 0.1 32.91 32.91 0 0.1 0 0.15 0 
 
Tdry, in 
oC 0.15 32.91 32.91 0 0.1 0 0.35 0 
ϵa 
Twet, in 
oC 0.15 32.91 32.66 -1.66667 0.1 0.027778 0.35 0.340278 
 
Tdry, out 
oC 0.15 32.91 32.9 -0.06667 0.1 4.44E-05 0.35 0.000544 
 
Twet, out 
oC 0.15 32.91 33.2 1.933333 0.1 0.037378 0.35 0.457878 
 
Twater, in 
oC 0.15 32.91 32.57 -2.26667 0.1 0.051378 0.35 0.629378 
 
Twater, out 
oC 0.15 32.91 32.91 0 0.1 0 0.35 0 
 
       0.116578  1.428078 
 
       Pr 0.341435 Br 1.195022 
 
      Ur 1.242842   
 
          
 
parameter 

















Va m/s 0.1 20.17 20.17 0 0.1 0 0.1 0 
 
∀ ̇inlet,w LPM 0.1 20.17 20.17 0 0.1 0 0.15 0 
 
Tdry, in 
oC 0.15 20.17 20.17 0 0.1 0 0.35 0 
ϵw 
Twet, in 
oC 0.15 20.17 20.3 0.866667 0.1 0.007511 0.35 0.092011 
 
Tdry, out 
oC 0.15 20.17 20.17 0 0.1 0 0.35 0 
 
Twet, out 
oC 0.15 20.17 20.17 0 0.1 0 0.35 0 
 
Twater, in 
oC 0.15 20.17 20.68 3.4 0.1 0.1156 0.35 1.4161 
 
Twater, out 
oC 0.15 20.17 19.53 -4.26667 0.1 0.182044 0.35 2.230044 
 
       0.305156  3.738156 
 
      Pr 0.552409 Br 1.933431 
 
      Ur 2.010799   
 




          
 





















Va m/s 0.1 0.3236 0.3193 -0.043 0.1 1.85E-05 0.1 1.85E-05 
 
∀ ̇inlet,w LPM 0.1 0.3236 0.3252 0.016 0.1 2.56E-06 0.15 5.76E-06 
 
Tdry, in 
oC 0.15 0.3236 0.3236 0 0.1 0 0.35 0 
Me Twet, in 
oC 0.15 0.3236 0.3255 0.012667 0.1 1.6E-06 0.35 1.97E-05 
 
Tdry, out 
oC 0.15 0.3236 0.3236 0 0.1 0 0.35 0 
 
Twet, out 
oC 0.15 0.3236 0.3236 0 0.1 0 0.35 0 
 
Twater, in 
oC 0.15 0.3236 0.3348 0.074667 0.1 5.58E-05 0.35 0.000683 
 
Twater, out 
oC 0.15 0.3236 0.3096 -0.09333 0.1 8.71E-05 0.35 0.001067 
 
       0.000166  0.001794 
 
      Pr 0.012865 Br 0.042355 
 
      Ur 0.044266   
 
          
 
parameter 

















Va m/s 0.1 0.5905 0.608 0.175 0.1 0.000306 0.1 0.000306 
 
∀ ̇inlet,w LPM 0.1 0.5905 0.582 -0.085 0.1 7.23E-05 0.15 0.000163 
 
Tdry, in 
oC 0.15 0.5905 0.5905 0 0.1 0 0.35 0 
HCR Twet, in 
oC 0.15 0.5905 0.5921 0.010667 0.1 1.14E-06 0.35 1.39E-05 
 
Tdry, out 
oC 0.15 0.5905 0.5905 0 0.1 0 0.35 0 
 
Twet, out 
oC 0.15 0.5905 0.5905 0 0.1 0 0.35 0 
 
Twater, in 
oC 0.15 0.5905 0.5928 0.015333 0.1 2.35E-06 0.35 2.88E-05 
 
Twater, out 
oC 0.15 0.5905 0.5905 0 0.1 0 0.35 0 
 
       0.000382  0.000512 
 
      Pr 0.019545 Br 0.022618 
 
      Ur 0.029892   
 
      
 
 




          
 
parameter 

















Va m/s 0.1 0.9528 0.902 -0.508 0.1 0.002581 0.1 0.002581 
 
∀ ̇inlet,w LPM 0.1 0.9528 0.972 0.192 0.1 0.000369 0.15 0.000829 
 
Tdry, in 
oC 0.15 0.9528 0.952 -0.00533 0.1 2.84E-07 0.35 3.48E-06 
𝛈II 
Twet, in 
oC 0.15 0.9528 0.965 0.081333 0.1 6.62E-05 0.35 0.00081 
 
Tdry, out 
oC 0.15 0.9528 0.9534 0.004 0.1 1.6E-07 0.35 1.96E-06 
 
Twet, out 
oC 0.15 0.9528 0.934 -0.12533 0.1 0.000157 0.35 0.001924 
 
Twater, in 
oC 0.15 0.9528 0.931 -0.14533 0.1 0.000211 0.35 0.002587 
 
Twater, out 
oC 0.15 0.9528 0.934 -0.12533 0.1 0.000157 0.35 0.001924 
 
       0.003541  0.010662 
 
      Pr 0.059509 Br 0.103256 
 


















1. Engineering Equation Solver (EES) Code for calculating system effectiveness, rate of 
























2. EES code for calculating Merkel number by Poppe and Merkel methods using the 



























A area, m2 
afi surface area per unit volume of the fill, m-1 
C heat capacity rate, W/K 
cpw specific heat of water at constant pressure, J/kg K 
cpv specific heat of water-vapor at constant pressure, J/kg K 
cpa specific heat of air at constant pressure, J/kg K 
E total energy transfer, KJ 
e effectiveness  
hc heat transfer coefficient, W/m2 s 
hd mass transfer coefficient, Kg/m2 s 
h enthalpy, J/kg 
hv enthalpy of water vapor, J/kg 
hma enthalpy of moist air, J/kg 
hfgwo latent heat of water at T=273.15 K, J/kg 
hmasw enthalpy of sat. air evaluated at local bulk temperature of water, J/kg 
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hmaswm enthalpy of sat. air evaluated at mean temperature of water, J/kg 
hw enthalpy of water, J,kg 
HCR heat capacity ratio 
Lef lewis factor 
mv mass of water vapor, Kg 
mg mass of water vapor at saturated vapor condition, Kg 
ṁa mass flow rate of air, Kg/s 
ṁwi mass flow rate of inlet water, Kg/s 
ṁwo mass flow rate of outlet water, Kg/s 
Mep merkel number by Poppe method 
Mem merkel number by Merkel method 
Mee merkel number by effectiveness-NTU method 
NTU number of transferred units 
P pressure, KPa 
Pa pressure of dry air, KPa 
Pv pressure of water vapor, KPa 
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Po pressure at dead state, KPa 
Q̇ heat transfer rate, KW 
Qm energy transfer due to mass transfer, KJ 
Qc energy transfer due to heat transfer, KJ 
Ra specific gas constant for dry air, KJ/Kg K 
sai specific entropy of inlet air, KJ/Kg K 
sao specific entropy of outlet air, KJ/Kg K 
swi specific entropy of inlet water, KJ/Kg K 
swo specific entropy of outlet air, KJ/Kg K 
Ṡgen entropy generation rate, W/K 
Twi water inlet temperature, K 
Two water outlet temperature, K 
Tai dry bulb temperature of inlet air, K 
Tao dry bulb temperature of outlet air, K 
Ti,wb wet bulb temperature of inlet air, K 
To,wb wet bulb temperature of outlet air, K 
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Tc temperature of cold stream, K 
Th temperature of hot stream, K 
To temperature at dead state, K 
U overall heat transfer coefficient, W/m2 K 
Ẋ flow exergy, KW 
Ẋd exergy destruction, KW 
ẋai specific exergy of inlet air, KJ/Kg 
ẋao specific exergy of outlet air, KJ/Kg 
ẋwi specific exergy of inlet water, KJ/Kg 
ẋwo specific exergy of outlet water, KJ/Kg 
 
Greek Symbols  
 
Ω humidity ratio, Kgwater-vapor/Kgdry-air 
ωsw humidity ratio of saturated air at water local bulk temperature, Kgwater-
vapor /Kgdry-air 
ω̃ mole fraction ratio, Kmolwater-vapor/Kmoldry-air 
ω̃o mole fraction ratio at dead state, Kmolwater-vapor/Kmoldry-air 
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∅ relative humidity 
η
II
 second law efficiency  
ϵ system effectiveness 





Ai inlet air 
Ao outlet air 
Fi Fill 









wi inlet water 
wo outlet air 
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